ABSTRACT. This study provides an estimate of aboveground live biomass for an intact eastern Amazonian forest. An allometric regression biomass equation was developed to estimate the aboveground biomass of live lianas. This equation, together with a previously published equation for trees, was then used to estimate the contributions of lianas and trees to the total biomass of forest patches in four stature classes: gap (openings in the canopy of at least 25 m 2 with the dominant vegetation < 3 m high), low (3-15 m canopy height), medium (15-25 m canopy height), and high (> 25 m canopy height). Total stand-level biomass was estimated as the weighted average of the stature classes. In 130 ha of surveyed forest, forest stature classes were found in the following proportions: gap phase 8%; low stature 31%; medium stature 44%; and high stature 17%. Total aboveground biomass was found to be three times higher in high stature forest than in low. Liana biomass, however, showed the opposite result, being three times higher in low stature forest. Stand-level aboveground live biomass was estimated at 314 t ha −1 of which 43 t ha −1 (14%) was lianas. Liana leaf area index (LAI) ranged from 1.3 m m −2 in high stature forest to 5.3 m m −2 in low stature. Abundant lianas are generally interpreted as a sign of past forest disturbance. As forests throughout the Amazon basin are increasingly disturbed through human activities, it is likely that their biomass will be underestimated if the contribution of lianas is ignored.
KEY WORDS: aboveground biomass, Amazon, leaf area index, liana, tropical forest, allometry I NT R OD U C TI ON Even relatively small changes in the carbon balance of Amazonian rain forests could greatly impact both the global carbon balance and global climate change (Phillips et al. 1998) . Currently, human activities are leading to large scale, possibly long-term changes to the structure and species composition of forests in Amazonia (Laurance 1998) . We are only beginning to understand the impacts of these changes on forest biomass but a likely scenario includes an increasingly important role being played by disturbance-adapted plant species (Laurance et al. 1997) . Lianas, woody climbing plants that rely on other plants for structural support, represent a plant life form that is characteristically disturbance-adapted (Hegarty & Caballé 1991 , Putz 1984 . Thus, lianas are likely to become increasingly more common in the future flora of Amazonia. To gauge the potential impact of increased liana abundance on forest biomass we need quantitative information on the relationship between liana abundance and total forest biomass in different forest types.
To date, the approaches that have been used to quantify the biomass of Amazonian forests can be divided into two classes. The first, destructive sampling, approach involves the harvesting and weighing of all the plants in relatively small sample plots (Klinge & Herrara 1983 , Klinge & Rodrigues 1973 . The second, volume-based, approach extrapolates biomass from the diameters of standing trees obtained from forest inventory data (Brown & Lugo 1992) . The main criticism of the former approach is that small sample plots are unlikely to provide a representative or random sample of the entire Amazonian forest. This problem could be exacerbated by investigator bias leading to the establishment of sample plots in especially pristine-looking forest patches where large trees may be overly abundant (Brown & Lugo 1992) . The main criticism of the latter is that its biomass estimates are based on inventories of trees > 25 cm dbh originally intended to provide timber volumes. In these biomass estimates, other components of forest composition (e.g. small diameter trees, palms, and lianas) are ignored as their contribution to total biomass is assumed to be negligible (Brown & Lugo 1992) .
In this study, destructive sampling was used to develop an allometric regression biomass equation to estimate the aboveground biomass of live lianas. This equation, used in conjunction with previously published equations to determine tree biomass, was then used to estimate the contributions of lianas and trees to the total biomass of forest patches differing in stature (i.e. height to the top of the canopy). Total stand-level biomass was estimated as the weighted average of the estimates for each forest stature class based on its relative abundance at the stand level.
M ET HOD S
The site for this study was 20 km southeast of the town of Paragominas, Pará (3°S, 47°W), in the eastern Brazilian Amazon. Mean annual rainfall in this region is 1700 mm and occurs mainly from December to May; during the remainder of the year, monthly rainfall averages < 100 mm. The soils of the region are mostly oxisols and ultisols. Although the terrain of the region tends toward rolling, the study area was uniformly flat.
Sampling was conducted in a 130-ha plot of intact forest with no evidence of human disturbance that was surrounded by an extensive area of selectively logged forest. Using a system of parallel trails spaced at 25-m intervals, this area was mapped into four canopy height classes: gap (openings in the canopy of at least 25 m 2 with the dominant vegetation < 3 m high), low (3-15 m canopy height), medium (15-25 m canopy height), and tall (> 25 m canopy height). To avoid classifying lone emergent trees as a patch of tall forest, at least two adjacent tall trees were necessary to define a patch of tall forest. Following mapping, stem size class and abundance of all trees and lianas was determined in ten, 100-m 2 sample plots located in each of low, medium and high forest classes. Gaps, defined as openings in the forest canopy with mean vegetation height < 3 m, were not sampled. Plot locations were determined by randomly selecting x and y coordinates from a grid system located on the forest canopy map until 10 sites were located in each canopy height class. Within the sample plots, we measured the diameter of all lianas and trees > 2 m tall and determined the number of species (or morphospecies when species determination was not possible), of lianas present. Tree diameters were measured as dbh (1.3 m above the ground). Liana diameters were measured on each rooted stem at 1.3 m above the level of the ultimate rooting point. In this way we avoided making multiple measurements on stems that had partially fallen from the canopy and rerooted. Lianas were included if their ultimate point of rooting fell inside the plot and trees occurring on plot boundaries were included if they were more than half way inside the plot. The corresponding circular diameters of lianas with irregular stem shapes (e.g. species in the genus Bauhinia) were calculated from tracings of their cross-sectional areas. Hemiepiphytes, for example species of Areacea, were not included. Self-supporting plants < 2 m and > 5 cm tall were counted and classified as either tree or liana; plants which we were not able to identify were assumed to be trees.
The biomass (i.e. dry weight of all aboveground plant parts) present in each plot was calculated based on regression equations developed to relate biomass to dbh. We calculated tree fresh dry biomass using equations presented in Higuchi et al. (1997) for Amazonian tree species:
For trees < 20 cm dbh: ln (mass) = −1.754 + 2.665 ln (dbh) For trees > 20 cm dbh: ln (mass) = −0.151 + 2.170 ln (dbh) Dry biomass was calculated by multiplying fresh biomass by the mean dry mass: fresh mass ratio of 0.603 (Higuchi et al. 1997) .
We developed an equation to relate liana diameter to biomass by harvesting and weighing 19 individual lianas with diameters ranging from 1.0 to 13.5 cm of 17 of the most common species at the site. A combination of tree felling and climbing trees to saw liana-bearing branches allowed us to obtain the harvested lianas in their entirety. All leaves were removed from harvested lianas and fresh weights of stems and leaves were determined in the field using hanging scales. Dry weights were calculated based on the ratio of dry weight to fresh weight determined for a subsample of stems and leaves of each liana harvested. In addition, 10 randomly selected leaves of each liana species were weighed and traced onto graph paper to determine leaf area-to-weight relationships. To allow us to compare relationships between leaf weight and dbh for trees and lianas, we also harvested and weighed 11 small trees in the same manner.
Statistical tests were performed using Minitab 11.21 (Minitab 1996) . Differences among forest stature classes were analysed using ANOVA. When necessary, data were logarithmically transformed to improve homoscedasticity. Multiple comparisons among treatment means were conducted using Tukey's test at P = 0.05.
R ES U LT S
In 130 ha of surveyed forest, forest stature classes were found in the following relative proportions: gap phase 8%; low stature 31%; medium stature 44%; and high stature 17%. In total, we encountered 78 morphospecies of lianas in thirty 0.01-ha sample plots. There were significant differences among forest stature classes in the number of liana morphospecies present (F = 37.04, df = 2, 27; P < 0.001). Low stature forest was the richest in liana species with an average of 21.7 (SD = 4.0) species per plot compared to high stature forest with an average of 9.4 (SD = 2.6). Similarly, the cumulative number of morphospecies encountered in a 0.1-ha sample was highest for low forest (66 species), and lowest for high forest (31 species). For each of the forest stature classes, however, cumulative species-area curves were still increasing after 0.1 ha had been sampled (data not shown). This indicated that total liana species diversity was undersampled in each case. The most common species, Bauhinia guianensis Aubl, was found in 93% of the plots. Other common species, occurring in > 60% of the total plots included: Adenocalima sp., Memora bracteaosa (D.C.) Bur. et. K. Schum, M. flavida (D.C.) Bur. et. K. Schum, M. schomburgkii (D.C.) Miers and Serjania tenuifolia Radlk. Nearly half the species (32 out of 78 in total) were rare, occurring in < 10% of the total plots. Of these rare species, only one was found in high stature forest.
On average, liana abundance was inversely correlated with forest stature. Low stature forest had five times the density and three times the basal area of climbing liana stems as high stature forest (Figures 1 and 2) . The densities of tree stems > 2 m tall were nearly equal among forest stature classes ( Figure  1 ). However, tree basal area was three times greater in high stature forest than in low (Figure 2 ). Forest stature classes also differed significantly in the percentage of self-supporting plants, < 2 m tall, that were lianas (F = 5.96, df = 2, 27; P < 0.01). In low stature plots, 33% (SD = 9.4) of these plants were lianas. This value dropped to 19% (SD = 7.9) in high stature forest and medium stature was intermediate with 25% (SD = 8.3). A log-log plot provided the best fit (highest r 2 ) for the allometric regression used to relate total liana dry mass to dbh (log (mass) = 0.07 + 2.17 log (dbh), r 2 = 0.95). Log-log plots also provided the best fits for the equations relating liana and tree basal areas to total leaf weights (Figure 3) . The resulting regression equations for lianas and trees are parallel but differences in their intercepts result in greater estimated leaf weight for lianas for a given stem diameter. For example, for stems 1 cm in diameter, the predicted leaf weight for a liana is five times greater than for a tree; for 10 cm diameter stems, this difference drops slightly to a factor of four. Mean leaf mass-leaf area ratios did not differ significantly among liana (85 cm 2 g −1
, SD = 19.6, n = 16) and tree (114 cm 2 g −1
, SD = 46.8, n=11) species (t = 1.98, df = 12; P > 0.05). There were significant differences among forest stature classes in total aboveground biomass, liana above-ground biomass, and liana leaf mass (F = 10.23, 23.63 and 45.24, respectively, df = 2, 27; P < 0.001 for each variable). Total biomass was three times higher in high stature forest than in low stature (Table 1) . However, considering only lianas the inverse was true. In low stature forest lianas accounted for 30% of the above-ground live biomass whereas this value was only 3% in high stature forest. The greatest differences among forest stature classes were found for the weights of liana leaves present (Table 1) . Low forest was found to contain over four times the weight of liana leaves as high stature. By multiplying the estimated mean values for liana leaf mass by Table 1 . Aboveground biomass characteristics of forest in three canopy stature classes (high > 25 m, medium 15-25 m, and low 3-15 m) and an area-weighted mean for 130 ha of never-logged forest near Paragominas, Pará, Brazil, (n = 10, 0.01-ha plots per canopy height class; within a column, different superscripts indicate significant differences using Tukey's test (P = 0.05).
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D IS C US S ION
We estimated stand-level biomass by weighting the contribution of each forest stature class to the mean value based on its relative abundance; gap phase forest was assumed to contain one-fourth the biomass of medium stature forest. This method resulted in an estimated total above-ground living biomass of 314 t ha −1 for the forest as a whole of which, 43 t ha −1 (14%) were lianas. The contribution of lianas to total biomass rarely surpasses 5% in undisturbed forests (Hegarty & Caballé 1991) . In fact, the value we estimated is nearly two times higher than the 7.2% previously reported as the highest percentage contribution of lianas to total forest biomass (Bongers et al. 1985 , cited in Hegarty & Caballé 1991 . This high value for lianas largely resulted from the high relative abundance of low stature forest where lianas accounted for a large proportion (30%) of the total biomass.
Abundant lianas combined with low forest stature are usually interpreted as evidence of past forest disturbance (Hegarty & Caballé 1991) . In other regions of Amazonia, fire and the lingering effects of past human occupation have been proposed to explain the occurrence of liana-dominated forest patches (Balée & Campbell 1990 , Nelson 1994 . Although there were no obvious signs of human disturbance in the forest we studied, naturally fallen logs were common in some, but not all, areas of low stature forest.
Given the high proportion of low stature forest in the area we studied, it may appear inconsistent that our stand-level estimate of total biomass, 314 t ha
, is 6-28% higher than the volume-based, basin-wide estimates for the biomass of dense forests of the Brazilian Amazon presented in Brown & Lugo (1992) . However, volume-based biomass estimates will underestimate total biomass when forest components other than large trees are common. Ignoring both lianas and small trees, < 10 cm dbh, would have resulted in a 19% underestimation of total aboveground biomass (14% lianas and 5% small trees). Indeed, when the estimate we obtained is reduced by 19% to 254 t ha −1 it is lower than the 298 t ha −1 volume-based estimate (Brown & Lugo 1992) . In an attempt to improve the accuracy of volume-based biomass estimates, Fearnside (1992) averaged the percentage contribution of lianas to total biomass from studies throughout the Amazon and suggested a correction factor of 4.3% to account for liana biomass. While this correction factor is slightly higher than the 3% value we calculated for the contribution of lianas to total biomass in high stature forest patches, it would still lead to an underestimate of biomass at the stand level in the forest we sampled. Naturally occurring forest types with abundant lianas are not uncommon in Amazonia. In addition to the low stature forest patches in the study region, areas of forest characterized by low canopy height, low tree basal area and high abundance of lianas occur throughout eastern and southern Amazonia (Pires & Prance 1985) . These so-called liana forests cover 310 000 km 2 (c. 5% of the area of the Amazon basin) and are concentrated in a region between the Tocantins and Tapajos rivers in the southern part of the Brazilian state of Para (IBGE 1997) . There are no published biomass estimates for liana forest per se, but they fall into the general category of non-dense forests. Volumebased estimates of the biomass of non-dense forest are 30% lower than those of dense forests (Fearnside 1992) . The finding that lianas can contribute relatively high percentages to total aboveground biomass, suggests that volumebased estimates for non-dense forests could be particularly prone to underestimation if based solely on the volume of large trees.
The negative relationship between liana abundance and total aboveground biomass may also hold for anthropogenically disturbed forests. In central Amazonia, forest fragmentation has been followed by dramatic (9%) declines in total biomass accompanied by increases in liana biomass from 5.4 to 7.9 t ha −1 (Laurance et al. 1997) . At the global level, during the past three decades rising CO 2 levels have been paralleled by increases in both tropical forest turnover rates and liana densities (Phillips & Gentry 1994) . If lianas are indeed favoured by the canopy gaps that are common in forests with high turnover rates (Putz 1984) , then a negative relationship between liana abundance and total stand biomass could result in a positive feedback loop where rising CO 2 levels and increasing liana abundance reinforce one another. To date, most attempts to estimate the biomass of Amazonian forest have focused on relatively large trees ignoring or downplaying the contribution of other forest components such as lianas. While this approach may be justified in some situations, it is prone to underestimation in disturbed forests that are likely to become increasingly common throughout Amazonia. Perhaps an even greater risk in placing the focus of study solely on large trees is, however, that in ignoring other forest components, we will fail to discover important processes that influence forest biomass development. Lianas, for example, owing to stem allometry that allows them to support four to six times greater leaf weight than trees of equal stem areas, have the ability to generate high leaf area indices while maintaining relatively low total biomass (this study , Putz 1983) . If forest disturbance results in increased liana abundance, tree growth in these forests may be retarded by competition from lianas. This would result in a shift to a lower stature, lower biomass forest type. Understanding this dynamic will require further study of the impacts of various forest disturbances on liana abundance and an understanding of the persistence of liana dominated forest patches.
